A methanolwater mixed solvent was used as a reaction medium for the synthesis of Eu 3+ -doped Y 2 O 3 (Y 2 O 3 :Eu) phosphor. Y 2 O 3 :Eu was prepared under solvothermal conditions at 150300°C for 324 h using a solution of water and methanol as the reaction medium followed by heat treatment at 1000°C for 2 h. The phase composition and optical properties of the products were characterized by X-ray diffraction (XRD), scanning electron microscopy (SEM), and photoluminescence spectroscopy. The powders obtained were composed of plate-like particles, spindle-like particles, and whisker particles and were different for samples prepared under supercritical, subcritical, and normal conditions of methanol. With the reaction temperature increasing, the particle size became smaller, in particular, the particles were ³500 nm in size at 300°C under supercritical condition of methanol. After calcination at 1000°C for 2 h, the obtained powders retained the initial shape. The emission peaks of the fluorescence were assigned to the ff transitions of the Eu 3+ and exhibited red emission. The fluorescence intensities and internal quantum efficiency exhibited various values dependence on the morphology of the obtained particles.
Introduction
Eu 3+ -doped Y 2 O 3 (Y 2 O 3 :Eu), which shows red luminescence, has attracted attention due to its wide practical applications for a long time.
1)11) Y 2 O 3 :Eu has been used in cathode-ray tubes (CRT) and fluorescent lamps until now and is expected to be used in field emission displays (FEDs), electroluminescence displays (ELDs), and plasma display panels (PDPs). 1),2) In this line of research, high luminescence intensity and morphology control of Y 2 O 3 :Eu are necessary for advanced materials. In particular, nano-size phosphors have a number of potential advantages over traditional micro-size phosphors. For example, quantum confinement in nanocrystalline materials results in an enhancement of their luminescence.
3),4),12)17) Recently, S.Yin et al. reported on the synthesis of wire-like and near-spherical Y 2 O 3 :Eu phosphors by a solvothermal reaction using water, ethanol, ethylene glycol, and glycerol as the reaction media followed by calcination.
2) This report indicated that various reaction media enabled control of the morphology of Y 2 O 3 :Eu. For example, the powders prepared in water and ethanol possessed a wire structure in which the powder treated in water showed a high aspect ratio and that in ethanol showed a low aspect ratio. Furthermore, the powders prepared in ethylene glycol and glycerol possessed welldispersed near-spherical shapes which showed almost the same level of photoluminescence emission intensity as that of submicron particles prepared without a solvothermal treatment. As mentioned above, the reaction media in a solvothermal reaction is an important factor for morphology control.
In general, phosphor materials have been synthesized by conventional solid-state reactions. Despite its simplicity, the conventional ceramic method has several disadvantages, such as high energy consumption, composition, phase, and microstructural inhomogeneities, and significant agglomeration of particles with large grain-size variations. To overcome these limitations, solution-based chemical methods have been developed. In this study, we paid attention to the solvothermal reaction. The solvothermal method has several other advantages, including an effective enegy-savings, accelerated interactions between the solid and fluid species, and the formation of phase-pure and -homogeneous materials. In addition, the kinetics of the reactions can be accelerated due to the elevated temperatures. Furthermore, this method is one of the most promising solution techniques for the synthesis of nanoparticles with controlled size and shape.
18), 19) We chose a mixed solvent of water and methanol as the reaction media for the solvothermal reaction. The preparation was carried out at 180300°C, and we anticipated that the morphology would change near the supercritical point of methanol. The critical point of methanol is T c = 240°C and P c = 7.95 MPa. When a solution of methanol and water was used as a solvent in an autoclave from ca. 240°C to 374°C, only methanol become a supercritical fluid (critical point of water: T c = 374°C, P c = 22.4 MPa). Under these conditions, water played the role of a reaction field. The static dielectric constant of supercritical methanol is close to that of non-polar solvents. At the near-critical point of methanol, the solution became supersaturated as its dielectric constants decreased, while the solubility of metal oxide decreased rapidly as well. 20) 24) Therefore, we believed that using water and supercritical methanol might provide a way to control the shape and size. Accordingly, in the present work, we investigated the synthesis of Y 2 O 3 :Eu phosphor using a solvothermal reaction in the methanolwater system. Inc., Japan) and Eu(CH 3 COO) 3 ·4H 2 O (0.05 mmol, Wako Pure Chemical Industries Ltd., Japan) were dissolved in 100 ml of mixture of water and methanol (Kanto Chemical Co. Inc., Japan) at 60°C for 0.5 h with a stirrer rotation speed of 250 rpm. As a result, a transparent solution was obtained. The solution was transferred into a Teflon (reaction temperature: 150210°C) or Pyrex (reaction temperature: 240300°C) test tube, which was sealed in a stainless-steel autoclave (TPR-1, Taiatsu Techno Corp., Japan). Solvothermal synthesis was carried out in the range of 150300°C for 324 h with a stirrer rotation speed of 360 rpm. After the autoclave had naturally cooled down to room temperature, the products were separated from the mother liquor by filtering, washed with methanol and water several times, and finally dried at room temperature. The obtained powders were precursors of Y 2 O 3 :Eu. In order to synthesize the Y 2 O 3 :Eu red phosphor, the precursor was calcined at 1000°C for 2 h.
Experimental procedure
The crystallinity and phase purity of the prepared samples were analyzed by powder X-ray diffraction (XRD) using an RINT-2200 (Rigaku Corp., Japan) diffractometer with Cu K¡ radiation (wavelength: 0.15406 nm) operating at 40 kV-30 mA at a scanning rate of 2°/min in the 2ª range of 460°. The morphology of the particles was examined by scanning electron microscopy (SEM) using Model S-4100 (Hitachi High-Technologies Corp., Japan). The excitation and emission spectra measured were measured with a fluorescence spectrometer F-4500 (Hitachi High-Technologies Corp., Japan). The emission spectra of the Y 2 O 3 :Eu powder obtained via the solvothermal reaction under various conditions followed by calcination at 1000°C for 2 h were measured at the excitation wavelength of 254 nm. The relative emission intensities of the Figure 2 shows the XRD patterns of the precursors that were obtained using the solvothermal method with various solutions of water and methanol at 300°C for 3 h. The diffraction peaks of the precursors could be assigned to Y(OH) 3 and YO(OH). Also, low angle peaks such as shown in Figs. 2(a) and 2(b) are referred to the crystalline phase which is unknown until now. 7) In the range of the high water content, the main products could be identified as Y(OH) 3 conditions, the amount of the methanol was higher than that of water. We considered that the methanol adsorbed the crystal faces perpendicular to the c-axis and the crystals grew along the directions of a-axis and b-axis. Consequently, the crystals became the plate-like particles. On the other hand, spindle-like particles formed under the condition of 10 vol % of water in methanol [ Fig. 4(d) ]. Furthermore, the particles shape was changed to whiskers above 20 vol % of water in methanol [Figs. 4(e) and 4(f)]. Under these conditions, the amount of the water was higher than that of methanol. We considered that the crystals grew along c-axis because the water adsorbed the crystal faces parallel to the c-axis, so that the crystals became the whiskers. Judging from these results, small-scale particles were obtained under the condition of 10 vol % solution of water in methanol at 300°C for 3 h. This precursor was calcined at 1000°C for 2 h and observed by SEM (Fig. 5) . The powders were not remarkably different from the sample of the solvothermal treatment. These results indicate that particles of considerable size retain their initial morphology with calcination at 1000°C for 2 h. The emission spectrum measured at the excitation wavelength of 254 nm is shown in Fig. 6 . The emission peaks of the fluorescence are assigned to the ff transitions of the Eu 3+ and the phosphor exhibited red emission. Figure 7 presents . The products were different from those prepared at 240 to 270°C. This is because methanol became a supercritical fluid and the properties of the reaction media changed. Figure 9 shows SEM micrographs of the precursor of Y 2 O 3 :Eu obtained via the solvothermal method at various reaction temperatures. Plate-like particles were produced below 180°C, and whiskers were obtained at 270210°C [Figs. 9(c) 9(f)]. However, particles with various shapes and sizes were observed at 270°C [ Fig. 9(b) ]. Furthermore, spindle-like particles were formed at 300°C under the supercritical condition [ Fig. 9(a) ]. In particular, the crystallites of the products were small (³500 nm) in size. We speculate that the change of the particle morphology was related to the presence of supercritical fluid above 270°C. Figure 10 indicates the relative emission intensities and internal quantum efficiency of Y 2 O 3 :Eu obtained via the solvothermal method at various reaction temperatures followed by calcination at 1000°C for 2 h. With the solvothermal temperature decreasing, the relative emission intensities and internal quantum efficiency indicated high luminescence. The tendency of the luminescence depended on the morphology of the obtained particles. In the other words, the relative emission intensities and internal quantum efficiency were high for large particles.
Results and discussion

nm
We speculated that the mechanism of spindle-like particles formation with a small scale was related to supercritical methanol. Figure 11 shows SEM micrographs of the precursor of Y 2 O 3 :Eu obtained via the solvothermal method at 270°C for various reaction times. From the XRD result, the products were unknown and YO(OH) samples at 3 h [ Fig. 11(a) ]. However, a single phase of YO(OH) was formed at 7.5 and 24 h [Figs. 11(b) and 11(c)]. Regarding the SEM observation, with a short synthesis time of 3 h, the obtained powders had the shape of whiskers [ Fig. 11(a) ]. However, with the reaction time increasing, the shape of the products changed to spindle-like at 7.5 and 24 h [Figs. 11(b) and 11(c) ]. Judging from the XRD and SEM results, the unknown products with whisker shape were formed at 3 h. With the time increasing from 3 to 7.5 h, unknown products dissolved in solution of water and methanol and formed the YO(OH) with the spindle-like. In addition, the particle size became dramatically small. Accordingly, it is important that solvothermal synthesis is performed under the supercritical condition of methanol in a mixture solution to obtain the small-scale particles. Figure 12 indicates the relative emission intensities and internal quantum efficiency of Y 2 O 3 :Eu obtained via the solvothermal method at various reaction times followed by calcination at 1000°C for 2 h. With the time increasing to 7.5 h from 3 h, the relative emission intensities and internal quantum efficiency were almost the same. However, they both increased with synthesis for 24 h. In other words, small-scale particles have the potential for high luminescence. Furthermore, it is worth Relative emission intensity/% X vol.% solution of water in methanol Internal quantum efficiency/% Relative emission intensity/% Reaction temperature/°C noting that the initial morphology undergoes a significant evolution in the course of the solvothermal process in the methanolwater system.
Conclusions
In this work, we succeeded in controlling the morphology of the precursor of Y 2 O 3 :Eu phosphor using a methanolwater system for solvothermal synthesis. The solvothermal conditions, such as the ratio of water and methanol, reaction temperature, and reaction time were investigated in this study. It was found that the size of the products dramatically changed due to the boundary of the supercritical point of methanol. Firstly, the ratio of the mixture solution of water and methanol was examined at 300°C for 3 h. Under conditions of 03 vol % of water in methanol, plate-like particles were obtained. However, spindle-like particles were formed under the condition of 10 vol % of water in methanol. Furthermore, the particle shape changed to whiskers above 20 vol % of water in methanol. Secondly, the effect of the reaction temperature was investigated under the condition of 10 vol % of water in methanol for 3 h. Plate-like particles were produced below 180°C, and whiskers were obtained at 270 210°C. However, spindle-like particles were formed at 300°C under the supercritical condition. In particular, the size of the products was small (³500 nm). Finally, we speculated that the mechanism of spindle-like particles formation with a small-scale took place at 270°C for 324 h. With a short synthesis time of 3 h, the obtained powders had the shape of whiskers. However, with the reaction time increasing, the shape of the products changed to spindle-like at 7.5 and 24 h. In addition, the particle size became dramatically small. In other words, the spindle-like shape particles were formed via the whisker shape. Solvothermal synthesis could be performed under the supercritical condition of methanol in a mixture solution to obtain small-scale particles. After calcination at 1000°C for 2 h, the obtained powders retained the initial morphology. The emission peaks of the fluorescence are assigned to the ff transitions of the Eu 3+ and exhibited the red emission. The fluorescence intensities and internal quantum efficiency exhibited the various values dependence on the morphology of the obtained particles.
